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Abstract
Objective
To assess the [18F]flortaucipir binding distribution acrossMAPTmutations in presymptomatic
and symptomatic carriers.

Methods
We compared regional [18F]flortaucipir binding potential (BPND) derived from a 130-minute
dynamic [18F]flortaucipir PET scan in 9 (pre)symptomatic MAPT mutation carriers (4 with
P301L [1 symptomatic], 2 with R406W [1 symptomatic], 1 presymptomatic L315R, 1 pre-
symptomatic S320F, and 1 symptomatic G272V carrier) with 30 cognitively normal controls
and 52 patients with Alzheimer disease.

Results
[18F]Flortaucipir BPND images showed overall highest binding in the symptomatic carriers.
This was most pronounced in the symptomatic R406W carrier in whom tau binding exceeded
the normal control range in the anterior cingulate cortex, insula, amygdala, temporal, parietal,
and frontal lobe. Elevated medial temporal lobe BPND was observed in a presymptomatic
R406W carrier. The single symptomatic carrier and 1 of the 3 presymptomatic P301L carriers
showed elevated [18F]flortaucipir BPND in the insula, parietal, and frontal lobe compared to
controls. The symptomatic G272V carrier exhibited a widespread elevated cortical BPND, with
at neuropathologic examination a combination of 3R pathology and encephalitis. The L315R
presymptomatic mutation carrier showed higher frontal BPND compared to controls. The
BPND values of the S320F presymptomatic mutation carrier fell within the range of controls.

Conclusion
PresymptomaticMAPTmutation carriers already showed subtle elevated tau binding, whereas
symptomatic MAPT mutation carriers showed a more marked increase in [18F]flortaucipir
BPND. Tau deposition was most pronounced in R406W MAPT (pre)symptomatic mutation
carriers, which is associated with both 3R and 4R tau accumulation. Thus, [18F]flortaucipir may
serve as an early biomarker for MAPT mutation carriers in mutations that cause 3R/4R
tauopathies.
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Frontotemporal dementia (FTD) is a clinically and patho-
logically heterogeneous neurodegenerative disorder charac-
terized by behavioral changes1 or language difficulties.2

Mutations in the micro-tubule-associated protein tau gene
(MAPT) are a frequent cause of familial FTD. Alternative
mRNA splicing from theMAPT gene produces 6 different tau
isoforms, including 3 (3R, 3 isoforms) and 4 (4R, 3 isoforms)
repeat tau, which are found in equal amounts in the normal
adult brain. Mutations in the MAPT gene may affect the
normal function of the tau protein (exons 9–13) or alter the
balance between 3R and 4R (exon 10). Therefore, exon 10
mutations like P301L typically lead to an abundance of 4R tau.
Mutations outside exon 10 usually affect all isoforms, with
most MAPT mutations resulting in a combined 3R/4R tau-
opathy (e.g., L315R, S320F). This sometimes results in 3R/
4R paired helical filaments (PHFs) of tau comparable to
Alzheimer disease (AD) tauopathy (e.g., in R406W), while
other mutations (e.g., G272V) lead to an increased aggrega-
tion of 3R tau only.3 Imaging biomarkers could help to assess
the regional distribution of tau pathology in (pre)symptom-
atic MAPT mutation carriers years before symptom onset.

[18F]Flortaucipir is a PET tracer with high affinity to tau
aggregates, offering the opportunity to examine the hetero-
geneity of tau pathology observed inMAPTmutation carriers.
[18F]Flortaucipir binds with high affinity to PHFs in AD.4,5

Previous studies of [18F]flortaucipir in MAPT mutation car-
riers have shown frontal and temporal tau PET uptake pri-
marily in combined 3R/4R tau pathology, but not
exclusively.6-12 Few [18F]flortaucipir studies have included
presymptomatic MAPT carriers8,13 and showed elevated as
well as negligible cortical tau pathology. The identification of
appropriate biomarkers to detect FTD prior to symptom
onset is crucial and could advance the development of disease-
modifying drugs and evaluation of early intervention.
Therefore, the aim of this study was to use [18F]flortaucipir
PET to assess regional distribution of tau across MAPT mu-
tations in presymptomatic and symptomatic carriers.

Methods
Recruitment of Participants
Patients with 50% risk of developing familial FTD were
recruited fromDutch families withMAPTmutations from the
FTD-RisC study, as previously described.14 Briefly, as part of
the FTD-RisC study, all participants underwent annual or
biannual follow-up standardized clinical assessment, including

neuropsychological testing and brain MRI.14,15 All partici-
pants with a possibleMAPTmutation were considered except
for those who met exclusion criteria: (1) significant cerebro-
vascular disease on MRI (e.g., territorial infarct); (2) major
traumatic brain injury; (3) major psychiatric or neurologic
disorders other than behavioral variant FTD (bvFTD); (4)
current substance abuse. We included a total of 13 partici-
pants; DNA genotyping revealed 9 MAPT mutation carriers
and 4 noncarriers (healthy controls from a MAPT mutation
family). The clinical investigators (H.S., J.C.v.S.) and partic-
ipants were blinded for the participants’ genetic status, except
for those who underwent predictive testing at their own re-
quest. For confidentiality reasons, sex is not provided, and age
range is provided in Table 1.

Here we only report on theMAPTmutation carriers, including 6
presymptomatic and 3 symptomatic carriers. All symptomatic
and 5 presymptomatic carriers were aware of their mutation
status. All symptomatic mutation carriers met diagnostic criteria
for bvFTD,1 and other clinical phenotypes (i.e., primary pro-
gressive aphasia) were not observed in symptomatic carriers.
Diagnostic criteria were supported by extensive neuro-
psychological assessment, behavioral testing, and supportive
neuroimaging findings, after a multidisciplinary consensus
meeting of the Erasmus University Medical Center. Mutation
carriers were considered presymptomatic when diagnostic cri-
teria for bvFTD1were notmet.We classifiedmutation carriers as
converters if they met the following criteria: (1) progressive
deterioration of behavior or language by observation or history
(as provided by a knowledgeable informant); (2) significant
functional decline (evidenced by increased Clinical Dementia
Rating (CDR) plus National Alzheimer’s Coordinating
Center–Frontotemporal Lobar Degeneration (NACC-FTLD)
sum of boxes scores at the first or second follow-up visit and
CDR plus NACC-FTLD score ≥1); and (3) cognitive deficits in
at least one domain of the neuropsychological assessment.
Neuropsychological assessment covered the following cognitive
domains: language, processing speed, executive functioning,
memory, social cognition, visuoconstructive ability, and orien-
tation, as described before15 (for separate neuropsychological
tests, see eTable1, data available from Dryad, doi.org/10.5061/
dryad.3tx95x6g1).We report theMini-Mental State Examination
(MMSE), Frontal Assessment Battery, CDR plus NACC-FTLD,
and CDR plus NACC-FTLD sum of boxes. Symptomatic
MAPT mutations included P301L (n = 1), R406W (n = 1),
and G272V (n = 1). Presymptomatic MAPT mutations in-
cluded P301L (n = 3), R406W (n = 1), L315R (n = 1), and

Glossary
ACC = anterior cingulate cortex; AD = Alzheimer disease; BPND = [18F]flortaucipir binding potential; bvFTD = behavioral
variant frontotemporal dementia; CDR = Clinical Dementia Rating; FTD = frontotemporal dementia;MMSE = Mini-Mental
State Examination; NACC-FTLD = National Alzheimer’s Coordinating Center–Frontotemporal Lobar Degeneration; PHF =
paired helical filament; rCBF = relative cerebral blood flow; RPM = receptor parametric mapping; SUVr = standardized uptake
value ratio; VOI = volume of interest.
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S320F (n = 1). We grouped mutation carriers based on their
coding exon, expected tau isoforms, and number of carriers
within theMAPTmutation. First, we present P301L mutations,
involving exon 10, which mainly is associated with the 4R iso-
form of tau. Second, we present exon 13 R406W mutation
carriers, which tend to form both 3R and 4R tau pathology,
comparable to AD. Third, we present presymptomatic MAPT
mutation carriers of exon 11 (L315R and S320F), which tend to
form 3R/4R. Finally, we present a MAPT mutation exon 9
carrier (G272V), which is composed of 3R tau.

In addition, to assess whether tau PET binding of MAPT
mutation carriers deviates from the distribution of cognitively
normal controls and of patients with AD, we included 2 refer-
ence groups that were previously described in greater detail.16

First, we included 30 cognitively normal controls (66 ± 8 years,
50% female, MMSE 29 ± 1) of the SCIENCe study.17 Second,
we included 52 participants diagnosed with AD (66 ± 8 years,
48% female, MMSE 23 ± 3), who met core clinical criteria
according to the National Institute on Aging and Alzheimer’s
Association. All controls were amyloid-negative and all patients
with AD were amyloid-positive based on visual assessment of
[18F]florbetapir PET scans or CSF biomarkers.16

Imaging and Processing
AllMAPTmutation carriers underwent a single dynamic 130-
minute [18F]flortaucipir PET scan on a Siemens Biograph
mCT PET/CT. The scanning protocol consisted of 2 dy-
namic PET scans of 60 and 50 minutes, respectively, with a
20-minute break in between.16 The first 60-minute dynamic
acquisition started simultaneously with a bolus injection 229
± 7 MBq [18F]flortaucipir (injected mass 1.26 ± 0.47 μg,
details forMAPTmutation carriers). PET list mode data were
rebinned into a total of 29 frames and were reconstructed
using an OSEM 3D time-of-flight enabled iterative re-
construction (4i21s) with a matrix size of 400 × 400 × 111 and
a final voxel size of 2.036 × 2.036 × 2.0 mm3, including
standard corrections for dead time, decay, attenuation,

randoms, and scatter. Each PET dataset consisted of 29
frames in total; the last 10 frames stemmed from the second
PET scan session. The second 50-minute PET acquisition was
coregistered to the first dynamic PET scan using Vinci soft-
ware. Finally, PET scans from the Siemens scanner were in
addition smoothed using a Gaussian filter (4 mm full width at
half maximum) in order to correspond to smoothing kernels
of the SCIENCe and AD dataset (Philips Ingenuity TF
PET/CT).

In addition, for gray matter segmentation purposes, allMAPT
mutation carriers underwent a 3D T1-weighted sequence
MRI scan on a Philips 3T Achieve MRI scanner using an
8-channel SENSE head coil. Except for the scanner type,
details of [18F]flortaucipir image and MRI acquisition of the
SCIENCe and AD datasets are comparable and have been
described elsewhere.16

We coregistered native 3D T1 MRI to the averaged images of
frames 8–29 of the dynamic PET scan using Vinci software.
We defined the volumes of interest (VOIs, including separate
VOIs for left and right hemisphere) on MRI scans using
PVElab according to the probabilistic Hammers brain atlas.18

Time activity curves were generated and [18F]flortaucipir
binding potential (BPND) was extracted using receptor
parametric mapping (RPM)19 and standardized uptakeva-
lueratio (SUVr) images were generated for the time interval
80–100 minutes postinjection, while using cerebellar gray
matter as a reference region. RPM also allows for the addi-
tional quantification of R1 images. R1 is a proxy for relative
cerebral blood flow (rCBF)20 and because hypoperfusion has
been observed previously in (pre)symptomatic MAPT mu-
tation carriers,21,22 we investigated R1 in a secondary analysis
to assess the regional distribution of rCBF.

Methods of regional/voxelwise analysis are described in detail
in eAppendix 1 (data available from Dryad, doi.org/10.5061/
dryad.3tx95x6g1). In short, we created a priori 9 VOIs

Table 1 Overview of MAPT Mutation Carrier Characteristics

Case Age range, y MAPT mutation Clinical diagnosis MMSE on day of PET

1 50–60 P301L bvFTD 8

2 30–40 P301L Presymptomatic 25

3 40–50 P301L Presymptomatic 29

4 40–50 P301L Presymptomatic 30

5 40–50 R406W bvFTD 23

6 40–50 R406W Presymptomatic 30

7 40–50 S320F Presymptomatic 29

8 70–80 L315R Presymptomatic 28

9 40–50 G272V bvFTD 28

Abbreviations: bvFTD = behavioral variant frontotemporal dementia; MMSE = Mini-Mental State Examination.
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(anterior cingulate cortex [ACC], insula, amygdala, frontal,
medial/lateral temporal/parietal regions) and compared
these regional BPND/R1/SUVr values between MAPT mu-
tation carriers and controls/AD. Analyses were performed
using R (version 3.5.3, R Development Core Team 2019).

Neuropathology
Neuropathology was available in one patient (symptomatic
G272V carrier), who died aged 45, 10 months after the [18F]
flortaucipir PET. The Netherlands Brain Bank performed
brain autopsy according to their Legal and Ethical Code of

Figure 1 Voxel-Wise [18F]Flortaucipir Parametric Binding Potential (BPND) Images, T1-Weighted MRI, and Regional [18F]
Flortaucipir BPND Values of (Pre)symptomatic P301L Carriers; and (Pre)symptomatic P301L Mutation Carriers vs
Controls and vs Patients With Alzheimer Disease (AD)

Voxel-wise [18F]flortaucipir parametric BPND images (A), T1-weighted MRI (B), and regional [18F]flortaucipir BPND (C, D) values of (pre)symptomatic P301L
carriers. (E, F) (Pre)symptomatic P301Lmutation carriers (displayed individually) vs controls (C, E) and vs patients with AD (D, F, both displayed as the average
of the group). Open and closed squares depict presymptomatic and symptomatic P301L mutation carriers, respectively. The order of the presymptomatic
cases is the same as the order of A and B (from left to right). ACC = anterior cingulate cortex.
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Conduct. Tissue blocks were taken from the left hemi-
sphere from all cortical lobe hippocampus (both left and
right), amygdala, basal ganglia, substantia nigra, pons,
medulla oblongata, cerebellum, and cervical spinal cord,
and were embedded in paraffin blocks. Immunohisto-
chemistry was performed as previously described.22 In
addition, immunochemical staining with AT-8 (Thermo
Fisher Scientific, MN1020; dilution 1:200), RD3 (Milli-
pore clone 8E6/C11, 05-803), RD4 (Millipore, clone 1E1/
A6, 1:1,000), CD3 (DAKO, A0452, 1:150), and HLA-DR
(DAKO, M0775, 1:100) antibodies were performed in a
subset of slides. Silver staining using the Gallyas method
was performed on hippocampal and temporal tissue
sections.

Standard Protocol Approvals, Registrations,
and Patient Consents
All procedures were in accordance with the ethical standards
of the Medical Ethics Review Committee of the Amsterdam
UMC location VU Medical Center and the Erasmus Uni-
versity Medical Center according to the 1964 Helsinki dec-
laration and its later amendments or comparable ethical
standards. Written informed consent was obtained from all
participants.

Data Availability
Data not published within the article are available in a public
repository and include digital object identifiers (doi.org/10.
5061/dryad.3tx95x6g1). Anonymized data used in the pre-
sent study may be available upon request to the corre-
sponding author.

Results
Demographics
Demographic and clinical characteristics of the (pre)symp-
tomatic MAPT mutation carriers are presented in Table 1.
Further details of screening, behavioral, and neuropsychological
test results are presented in eTable 1 (data available fromDryad,
doi.org/10.5061/dryad.3tx95x6g1).

(Pre)Symptomatic P301L Mutation Carriers
Figure 1 shows voxel-wise and regional [18F]flortaucipir
BPND images/values and corresponding MRI of (pre)symp-
tomatic P301L mutation carriers (Figure 1, A, B, E, F) vs
controls (Figure 1, C and E) and patients with AD (Figure 1,
D and F) as a reference group.

The symptomatic P301L carrier showed visually higher BPND
than the presymptomatic P301L cases, with highest BPND in
the orbitofrontal cortex, inferior temporal, and parietal lobe
(Figure 1A). Regional [18F]flortaucipir BPND in the insula,
frontal, medial/lateral temporal, and parietal lobe was higher
than in controls (Figure 1E).

Presymptomatic P301L cases showed variable [18F]flortau-
cipir BPND, ranging from minimal (case 2) to widespread tau

higher binding in frontoparietal regions, including precuneus
and posterior cingulate (case 3) (Figure 1A). All regional
BPND values of presymptomatic P301L case 2 and 3 fell
within the distribution of controls. Presymptomatic P301L
case 4 showed increased [18F]flortaucipir BPND in ACC,
insula, frontal, and medial/lateral parietal lobe compared to
the range of values in controls (Figure 1E), but within the
range of patients with AD (Figure 1F).

(Pre)Symptomatic R406W Mutation Carriers
Figures 2–4 show the voxel-wise [18F]flortaucipir BPND im-
ages (A) and regional [18F]flortaucipir BPND values (C, D) in
(pre)symptomatic mutation carriers vs controls (C) and pa-
tients with AD (D) as a reference group. Voxel-wise images of
control and AD reference groups are shown in Figure 1, C and
D, respectively. The symptomatic R406W patients revealed
higher BPND than the presymptomatic R406W carrier, with
highest tau binding in the medial temporal lobe, temporal pole,
amygdala, and frontoparietal regions on voxel-wise [18F]flor-
taucipir BPND images (Figure 2A). Regionally, BPND in ACC,
insula, amygdala, frontal, medial/lateral temporal, and medial
parietal lobe was elevated compared to the distribution of con-
trols (Figure 2C), and equal to the AD range (Figure 2D).

The presymptomatic R406W carrier showed tau binding
largely restricted to the medial temporal lobe. Regional values
confirmed this observation with regional medial temporal tau
values exceeding the range of controls. In addition, there was
higher BPND in the amygdala compared to the values ob-
served in controls (Figure 2C). For both R406W carriers,
regional BPND fell within the AD range (Figure 2D).

Presymptomatic S320F, L315R
Mutation Carriers
Minimal BPND was observed in presymptomatic carriers.
Small areas of elevated [18F]flortaucipir BPND appeared in the
orbitofrontal and parieto-occipital regions in the S320F mu-
tation carrier (Figure 3A), although regional BPND fell within
range of controls and patients with AD. The L315R mutation
carrier showed higher frontal BPND compared to the distri-
bution of controls (Figure 3C), but did not exceed the BPND
range in patients with AD (Figure 3D).

Symptomatic G272V Carrier Including Clinical
Presentation and Neuropathology
The symptomatic G272V carrier exhibited a widespread cortical
higher tau binding, with increased BPND values in the ACC,
insula, frontal, and medial/lateral parietal lobe in the G272V
mutation carrier, relatively sparing the temporal lobe (Figure 4A)
compared to the distribution in controls. All regional [18F]flor-
taucipir BPND values fell within range of AD (Figure 4D).

At age 39 years, 4 years before the diagnosis of bvFTD, the
mutation carrier had occasional word-finding problems and
panic attacks.15 Neuropsychological testing and structural
MRI were normal and the patient had CDR plus NACC-
FTLD score of 0.5 (≥1 is abnormal, i.e., symptomatic). At age
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41, the patient developed mild memory problems and se-
mantic paraphasias in spontaneous speech, although neuro-
psychological and behavioral testing remained within normal
limits. At age 42, the patient was unable to work due to diffi-
culties with planning and remembering appointments, and
complained about tiredness and depression. Six months before
diagnosis, the patient was hospitalized for a manic episode after
starting paroxetine formood disturbances, which was quickly in
remission after switching paroxetine to olanzapine and lor-
azepam. At age 43 years, the diagnostic criteria of bvFTD were
met, supported by observations of word-finding difficulties,
phonologic errors, and neuropsychological questionnaire re-
sults indicating mood problems, sleeping disturbances, eu-
phoria, apathy, disinhibition, agitation, and aberrant motor

behavior. Additional neuropsychological assessment showed
deficits in episodic memory, mental speed, attention, and flu-
ency, with CDRplusNACC-FTLD score of 1, and asymmetric,
right-sided temporal atrophy was found on MRI.

One year postdiagnosis, the patient was unable to perform
activities of daily living and attended day care 4 times a week.
She died at age 45 years by euthanasia, 10 months after the
[18F]flortaucipir PET.

Neuropathology
Brain section was carried out in the G272V patient. Macro-
scopically, there was very mild atrophy of the frontal lobes.
The caudate nucleus was relatively small.

Figure 2 Voxel-Wise [18F]Flortaucipir Parametric Binding Potential (BPND) Images, T1 -Weighted MRI, and Regional [18F]
Flortaucipir BPND Values of (Pre)symptomatic R406WMutation Carriers; and (Pre)symptomatic R406WMutation
Carriers vs Controls and vs Patients With Alzheimer Disease (AD)

Voxel-wise [18F]flortaucipir parametric BPND images (A), T1-weighted MRI (B), and regional [18F]flortaucipir BPND (C, D) values of (pre)symptomatic R406W
mutation carriers. (C, D) (Pre)symptomatic R406Wmutation carriers (displayed individually) vs controls (C) and vs patients with AD (D, both displayed as the
average of the group). Open and closed triangles depict presymptomatic and symptomatic R406W mutation carriers, respectively. ACC = anterior cingulate
cortex.
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Microscopically, there was mild gliosis and spongiosis of layer
II of the frontal cortex and cingulate gyrus. There was a slight
increase in the number of glia cells in the white matter. All
other cortical regions, basal ganglia, and hippocampus showed
no gliosis or spongiosis.

Tissue immunohistochemistry with tau showed a small to
moderate number of tau-immunoreactive positive neurons
and some threads in a subset of regions (Figure 5, A–J). Tau
burden was most severe in the hippocampus, followed by the
temporal cortex and the frontoparietal cortex. In the hippo-
campus, a moderate number of tau-immunoreactive positive
neurons and additional Pick body–like inclusions were found,
particularly in the subiculum and CA1, and a small number in
the dentate gyrus. The right hippocampus was more severely
affected than the left hippocampus, where only sporadic in-
clusions were found in these areas, in line with asymmetry in

brain atrophy on MRI. The transentorhinal cortex was also
moderately affected by neuronal tau-immunoreactive inclu-
sions and threads, which were Gallyas negative. The temporal
pole showed a few ramified astrocytes, some Pick body–like
inclusions (max 9 at 20× objective), and a few threads. The
frontal cortex showed the same type of inclusions, but less
abundant than in the temporal pole (max 2 at 20× objective).
Sporadic tau inclusions were also found in the inferior parietal
lobule (max 2–3 at 20× objective), limbic areas (amygdala,
anterior cingulate gyrus), and basal ganglia (max 2 inclusions
at 20× objective in all regions), while they were absent in the
occipital cortex. These inclusions also stained positively for
3R tau isoform, but not for 4R tau. Astrocytic inclusions were
not stained positively with either 3R or 4R tau antibodies.

In all cortical regions, basal ganglia, hippocampus, brainstem,
and cerebellum, there were several perivascular CD3-positive

Figure 3 Voxel-Wise [18F]Flortaucipir Parametric Binding Potential (BPND) Images, T1 -Weighted MRI, and Regional [18F]
Flortaucipir BPND Values of the Presymptomatic S320F, L315R Mutation Carriers

Voxel-wise [18F]flortaucipir parametric BPND images (A), T1-weighted MRI (B), and regional [18F]flortaucipir BPND (C, D) values of the presymptomatic S320F,
L315Rmutation carriers. (C, D) Presymptomatic S320F, L315Rmutation carriers (displayed individually) vs controls (C) and vs patients with Alzheimer disease
(D, both displayed as the average of the group). ACC = anterior cingulate cortex.
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lymphocytic deposits with intraparenchymal infiltrates.
Staining with HLA-DR showed severe immune activation
of microglia and other myeloid cells around the vascula-
ture and in the brain parenchyma. There was no apparent
relationship between this diffuse immune activation,
present throughout the entire brain, and the distribution
of tau-immunoreactive inclusions. These findings of im-
mune activation and infiltration (Figure 5, G–I) were
compatible with a concurrent diagnosis of (autoimmune)
encephalitis. There were no signs of a viral or bacterial
encephalitis.

Differential Diagnosis of
(Autoimmune) Encephalitis
Because the neuropathologic diagnosis of (auto)immune
encephalitis was unexpected, we retrospectively reviewed the

clinical data, where there were no seizures or (sub)acute
changes in behavior or cognition, apart from the paroxetine-
induced manic period. Additional CSF collected for research
purposes was evaluated and showed, 2 years before diagnosis,
24 × 106/L leukocytes (normal <5 × 106/L), of which 22 ×
106/L were monocytes, in hindsight suggestive of a viral in-
fection, (autoimmune) encephalitis, or drug induced. How-
ever, there were no clinical signs of meningitis or encephalitis
or T2/fluid-attenuated inversion recovery abnormalities on
MRI that would be suggestive for an autoimmune encephalitis
and no drug use associated with pleocytosis at the time of CSF
analysis. PCR for neurotrophic viruses and routine diagnostic
testing for immune-mediated encephalitis with immunohis-
tochemistry were negative. Leukocytes decreased over time
and CSF showed a mild pleocytosis of 9 × 106/L (8 × 106

monocytes) at time of diagnosis.

Figure 4 Voxel-wise [18F]Flortaucipir Parametric Binding Potential (BPND) Images, T1 -Weighted MRI, and Regional [18F]
Flortaucipir BPND Values of the Symptomatic G272V Mutation Carrier

Voxel-wise [18F]flortaucipir parametric BPND images (A), T1-weighted MRI (B), and regional [18F]flortaucipir BPND (C, D) values of the symptomatic G272V
mutation carrier. (C, D) Symptomatic G272Vmutation carrier (displayed individually) vs controls (C) and vs patients with Alzheimer disease (D, both displayed
as the average of the group). ACC = anterior cingulate cortex.
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Regional R1 in (Pre)Symptomatic MAPT
Mutation Carriers
Figure 6 shows regional values of [18F]flortaucipir R1 in (pre)
symptomaticMAPTmutation carriers compared to average of
controls (red boxplots) and patients with AD (blue boxplots).
The symptomatic P301L patient showed lower regional R1
values in the ACC, frontal, and lateral temporal lobe, when
compared to control values (Figure 6). [18F]Flortaucipir R1
values in the G272V patient were elevated in all regions
compared to both controls and patients with AD, with ex-
ception of the ACC and medial temporal lobe (Figure 6).
Regional R1 values of the remaining presymptomatic P301L,
R406W, and S320F and symptomatic R406W carriers corre-
sponded to the regional values of both controls and patients
with AD, with the exception of the medial temporal lobe
(Figure 6).

[18F]Flortaucipir SUVr
To allow comparison of BPND with SUVr, we show in
eFigures 1–4 (data available from Dryad, doi.org/10.5061/
dryad.3tx95x6g1) the voxel-wise [18F]flortaucipir SUVr
images (A) and regional [18F]flortaucipir SUVr values (C,
D) in (pre)symptomatic mutation carriers vs controls (C)
and patients with AD (D) as a reference group. The results
were overall comparable between methods.

Clinical Follow-up After 1 Year
Five out of 6 presymptomatic carriers did not show clinical
decline at follow-up after 1 year. One P301L carrier (case 2)
showed clinical decline and conversion to symptomatic
bvFTD at the follow-up visit after the [18F]flortaucipir PET,
which consisted of a cognitive assessment (eTable 1, data
available from Dryad, doi.org/10.5061/dryad.3tx95x6g1) and
MRI (data not shown). At time of [18F]flortaucipir PET scan,
this carrier did not meet clinical criteria, but did show mild
cognitive and behavioral impairment.

Discussion
Using dynamic [18F]flortaucipir PET scanning, we quantified
tau burden and examined regional distributions across a variety
of MAPT mutations in presymptomatic and symptomatic car-
riers. We found elevated [18F]flortaucipir binding compared to
controls in both presymptomatic and symptomatic MAPT mu-
tation carriers, which was most pronounced in the symptomatic
and presymptomatic R406W MAPT mutation carriers with a
combined 3R/4R tau aggregation.

The (pre)symptomatic R406W carriers showed increased tau
binding in the amygdala, temporal lobe, and frontoparietal

Figure 5 Neuropathologic Findings in the Symptomatic G272V Carrier With Early Tauopathy and Concurrent (Auto)im-
mune Encephalitis

Neuropathologic examination of the symptom-
atic G272V carrier showed findings consistent
with an early tauopathy: moderate amounts of
tau-immunoreactive neuronal inclusions and
threads in the hippocampus and para-
hippocampal structures, specifically in the sub-
iculum (A, B), transentorhinal cortex (C, D), and to
a lesser extent in the dentate gyrus (E, F); these
neuropathologic findings were asymmetrical
with greater involvement of the right hippo-
campus compared to the left hippocampus.
Other brain regions, sampled exclusively in the
left hemisphere, showed mild gliosis and spon-
giosis of the upper cortical layers, with moderate
amounts of tau-immunoreactive neurons in the
temporal cortex (G), fewer tau-immunoreactive
neurons in the frontal cortex (H), in the parietal
cortex (I), and in limbic and paralimbic areas,
such as the amygdala (J) and the insular cortex
(K). In addition, neuropathologic findings in-
dicative of a concurrent (auto)immune enceph-
alitis were observed in all examined brain
regions, with no apparent relationship to the
distribution of tau inclusions: perivascular CD3-
positive lymphocytic cuffing with infiltration in
the adjacent brain parenchyma in the substantia
nigra (L); CD3-positive lymphocytic infiltrates in
the brain parenchyma in the cingulate gyrus (M);
HLA-DR-positive patchy clustering of activated
microglia and myeloid cells in the para-
hippocampal gyrus (N). Scale bar in large images
A–D, G–I, L–N= 200 μm. Scale bar in small images
A–D, G–I, L–N, and in images E, F and J, K = 20 μm.
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regions, which is in line with previous studies in (pre)symp-
tomatic R406W carriers showing frontal and temporal tau
with relative sparing of the posterior cortical areas.7-9 The
high binding in the R406W carriers is not surprising as this
MAPTmutation consists of 3R and 4R tau, similar to those in
AD.3,23 [18F]Flortaucipir binds with high affinity to AD tau4,5

and in vivo [18F]flortaucipir retention is strongly associated
with postmortem AD neurofibrillary tangle pathology,7,24,25

indicating that [18F]flortaucipir is a reliable method for
measuring combinations of 3R/4R PHFs of tau.

Notably, we also observed higher [18F]flortaucipir binding in
the P301L mutation carriers, a condition typically associated
with 4R tau.26 Two carriers (one presymptomatic, one symp-
tomatic) showed tau binding in the frontal lobe, insula, and
parietal lobe, with additional tau binding in the inferior temporal
lobe of the symptomatic P301L carrier. This is in line with
previous studies showing inconsistent results in P301L
carriers8,9,27 and other 4R tauopathies such as progressive
supranuclear palsy,28-34 varying from low to high binding in
individual cases. Variations in tau uptake patterns may be
explained by the presence of concomitant amyloid pathology9 or
off-target binding.28,31-33 Furthermore, in vitro tau has not been
associated with postmortem [18F]flortaucipir uptake patterns in
P301L carriers.27 Taken together, the evidence that [18F]flor-
taucipir retention is caused by binding to 4R tau is inconclusive.

The presymptomatic S320F and L315R mutation carriers
showed low tau binding not exceeding the range observed in
controls. Although neuropathologic case studies have shown a
specific combination of 3R and 4R tau (one 3R bandmissing),
this is different from AD, which probably explains its low
affinity. In addition, these cases were presymptomatic,
therefore these carriers may harbor amounts of tau below the
detection threshold of tau PET. Our observation of subtly
higher frontal tau uptake in the presymptomatic L315R mu-
tation carrier >70 years old possibly represents the first pre-
clinical sign of tau pathology. As incomplete penetrance has
been described in L315R families,35 tau PET uptake may
highly depend on disease severity, as previous MAPT muta-
tion carrier studies showed an increase in tau with advanced
disease stage,9,11 in correspondence with results found across
the AD spectrum.36,37

The symptomatic G272V patient exhibited a widespread
higher cortical tau binding, relatively sparing the temporal
lobe. The gradient of [18F]flortaucipir binding did not cor-
respond with postmortem 3R tau, as tracer uptake was most
pronounced frontoparietal with sparing of the temporal lobe,
while at neuropathologic examination tau-immunoreactive
inclusions were most pronounced, although still mild, in the
temporal cortex and relatively sparse in frontoparietal lobes.
However, the neuropathologic findings were indicative for an

Figure 6 Regional [18F]Flortaucipir R1 Values of the (Pre)symptomatic Mutation Carriers vs Controls and Patients With
Alzheimer Disease (AD)

Symptomatic mutation carriers (squares) and presymptomatic carriers (triangles) (displayed individually and color coded per mutation) vs controls (red) and
vs patients with AD (blue, both displayed as the average of the group). ACC = anterior cingulate cortex.
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encephalitis and the increased [18F]flortaucipir uptake may be
the result of binding to nonspecific targets related to neuro-
inflammation, such as microglial activation,38 gliosis, or vas-
cular permeability differences.39,40 In addition, virtually all
regions showed higher rCBF vs both controls and patients
with AD, which is in line with reported hyperperfusion/
hypermetabolism in encephalitis.41,42

It is unclear whether this patient had 2 rare disorders or the
MAPTmutation triggered an (auto)immune response. There
is no clear evidence in the literature to support the latter
hypothesis, and none of the other G272V brain donors in our
Rotterdam FTD cohort (n = 5, data not shown) showed
similar features of diffuse abundant perivascular lymphocytes
and intraparenchymal infiltrates. Although the role of a
chronic neuroinflammatory response is increasingly recog-
nized in FTD,43 elevated leukocyte levels in the CSF have not
been observed in our FTD-RisC cohort in the pre-
symptomatic phase or around conversion to symptomatic
phases, nor has this been described by other research groups
in the literature. Thus, these findings probably fall outside the
clinicopathologic manifestations of FTLD and are suggestive
of a concurrent diagnosis of encephalitis.

Increasing evidence is available on identifying neuroimaging
biomarkers for genetic FTD in an early phase. For example,
recent work showed anterior cingulate abnormalities on both
MRI and FDG-PET already in presymptomatic MAPT mu-
tation carriers.44 However, information on combined in vivo
and postmortem pathologic disease staging inMAPT carriers
for tau specifically is limited, due to the low occurrence of
presymptomatic or early symptomatic MAPT carriers in
clinical and research settings, especially with regard to neu-
ropathologic data. The combination of [18F]flortaucipir,
rCBF, and neuropathologic data in presymptomatic and early
symptomatic phases is unique and may help clarify spread of
tau accumulation in MAPT mutation carriers. [18F]Flortau-
cipir uptake in R406W carriers is most robust. Although based
on cross-sectional data, our study and previous [18F]flortau-
cipir PET studies7,9 in R406W carriers suggest that tau ac-
cumulation may start in the medial temporal lobe in the
presymptomatic phase and finally spread into the frontal and
parietal lobe, as observed in our symptomatic R406W carrier.
The P301L carriers showed a more frontoparietal [18F]flor-
taucipir binding pattern in the presymptomatic phase with
involvement of temporal lobe only in the symptomatic phase.
This should be interpreted with caution because P301L car-
riers, in line with the literature,8 probably lack association
between advancing disease stage and tau uptake, as we found
minimal tau binding in the presymptomatic P301L carrier
(case 2) who converted to symptomatic phase.

In the early symptomatic G272V carrier, the highest neuro-
pathologic tau load in the right hippocampus corresponded
with the region of atrophy on MRI. Only tissue blocks from
the left hemisphere were available and showed very little
amount of tau pathology, 2 years after onset, with the left

frontal and parietal lobe similarly affected. It also must be
considered thatMAPT mutations show a great heterogeneity
of pathologic features,45 and G272V mutations have overall
relatively low tau burden compared to other mutations, such
as P301L. Possibly, a dynamic [18F]flortaucipir PET scan is of
additional value to study disease spread, providing an addi-
tional measure of rCBF. Previous rCBF dynamic PET studies
with inclusion of patients with bvFTD showed a good cor-
relation between rCBF and FDG-PET hypometabolism pat-
terns.46 Compared to controls, low rCBF in the ACC, lateral
temporal, and frontal lobe in the symptomatic P301L patient
is largely in correspondence with a previous SPECT study in
symptomatic MAPT mutation carriers.22 Interestingly, bor-
derline abnormal low ACC rCBF compared to controls was
found in one presymptomatic P301L mutation carrier, con-
firming the results of a previous study that found glucose
hypometabolism in the anterior cingulate of presymptomatic
P301L carriers.44 More longitudinal (dynamic) tau PET
studies in presymptomatic and symptomatic carriers in
combination with different imaging techniques47,48 and in-
depth neuropathologic data are needed to give a better and
more complete overview of pathology spreading in different
disease stages and various MAPT mutations.

Strengths of this study include the performance of dynamic
[18F]flortaucipir scans, which allows for simultaneous quan-
tification of measures of both tau load and rCBF in pre-
symptomatic and symptomatic carriers of various MAPT
mutations and allowed for examining tau pathology/rCBF in
a very early phase of the disease.

Limitations include the small number of carriers per mutation,
which precluded statistical comparisons. Although the pres-
ence of amyloid pathology in MAPT carriers could not be
ruled out, it is very unlikely given that the majority of the
carriers were ;50 years of age (although one MAPT carrier
was >70 years of age).49,50 Furthermore, neuropathologic data
were available for only one case in this study, which is in-
strumental to better understand the binding properties of
[18F]flortaucipir. However, several MAPT mutation cases
have been described neuropathologically in other studies in
combination with in vivo assessment of tau pathology using
[18F]flortaucipir PET6,7,27 and show that [18F]flortaucipir
binds predominantly to combined 3R/4R tauopathies, which
could be generalized to our study.

We found subtle increased tau binding in a significant pro-
portion of the presymptomatic MAPT mutation carriers,
whereas higher magnitude of [18F]flortaucipir binding was
observed in symptomatic MAPT mutation carriers. Further-
more, increased tau load was mainly observed in those (pre)
symptomatic mutation carriers with combined 3R/4R tau.
Taken together, these findings suggest that [18F]flortaucipir
PET may be used as an early biomarker in MAPT mutation
carriers, in particular in a subset of MAPT mutation carriers
who include mutations that cause 3R/4R tauopathies.
Thereby, [18F]flortaucipir potentially binds to lower tau
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concentrations or nonspecific targets, as we observed mild
[18F]flortaucipir signal in 3R/4R only MAPT mutation car-
riers. Future longitudinal [18F]flortaucipir studies with post-
mortem confirmation will be essential to capture the
complexity and progression of the in vivo findings observed
with [18F]flortaucipir in (pre)symptomatic MAPT mutation
carriers.
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